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ABSTRACT Estimating the longitudinal concordance correlation through fixed effects and variance components of polynomial mixed-effects regression model
In the post-harvest area, a common approach to quantify the average color of fruits peel over time is the sampling of small number of points generally on its equatorial region using a colorimeter. However, when we use a colorimeter to classify an uneven-colored fruit misclassification may occur because points in the peel region may not be representative of average color of fruit. The main problem when we use this method is to determine the number of points to be sampled as well as the location of these points on the fruit's surface. An alternative method to evaluate measure of color is digital image analysis because it covers whole of the object surface, by using a sample of pixels taken from the image. As the colorimeter approach is faster and easier than image analysis, it may not be suitable for assessing the overall mean color of the papaya's peel and its performance will depend on the number of measured points and choice of sampled region. In this sense, the comparison between these approach is still necessary because 
INTRODUCTION
Measuring the amount of agreement between two or more responses in a common research goal. When the data are categorical in nature, the Cohen's kappa (Cohen, 1960) and
weighted kappa (Cohen, 1968) (1989) should be used as agreement measure between two methods. This agreement index is calculated by measuring the variation of the linear relationship between each pair of observations from the 45 • line through the origin. Therefore, the mainly advantage of this coefficient is not only measuring how far each observation deviates from the best-fit line (measure of precision), but also how far the best-fit line deviates from the 45 • line through the origin (measure of accuracy).
Moreover, some extensions of CCC to categorical data was developed to estimates agreement equivalently to Cohen's kappa and weighted kappa statistics (Krippendorff, 1970; King and Chinchilli, 2001) .
However, when subjects, methods, or covariates variation are considered in the estimation of CCC, Carrasco and Jover (2003) suggested the use of two-way linear mixedeffect model to estimate CCC through variance components (VC), which was extended to repeated measures by Carrasco et al. (2009) and soon after to generalized linear-effects models (GLMMs) for count data by Carrasco (2010) . Other research direction is to estimated CCC via generalized estimating equations (GEE) introduced by Barnhart and Williamson (2001) , who proposed three sets of estimating equations to model CCC between two methods for continuous variables. This approach was also extended to multiple methods (Barnhart et al., 2005) . Additionally, Tsai (2015) demonstrated through simulation study that CCC under VC and GEE can be biased when the model is misspecified, consequently, it is very important to perform model selection in both approach. Besides, this author also show that VC approach is less affected by model misspecification than GEE one.
In longitudinal studies where multiple methods measure the same individual and the main goal is to evaluate whether the methods agree with each other, it is natural to want to know when interchangeably among them will be possible. This would allows to use of cheapest or most convenient method in place of others. Thus, in this thesis we proposed an extension of ideas presented by Lin (1989) and Carrasco et al. (2009) based on the mixed-effects polynomial regression model rather than a mixed-effects ANOVA approach. Our approach allows to estimate the extent of agreement among pair of observations for multiple methods. Furthermore, we also proposed a R (R core Team, 2017) package called lcc, which provides functions for estimating the longitudinal concordance correlation (LCC) among methods based on variance components and fixed effects of polynomial mixed-effects model. We also adding arguments in this function to estimating the longitudinal Pearson correlation (LPC), as precision measure, and longitudinal bias corrector factor (LA), as accuracy measure.
CONCLUSIONS
In this thesis, we aimed to develop and extend statistical methods to help in the concordance analysis of agricultural data. Initially, we developed a longitudinal concordance correlation (LCC), longitudinal Pearson correlation (LPC), and longitudinal accuracy (LA) based on fixed effects and variance components of a polynomial mixed-effects regression model. We also developed methods to compute bootstrap-based confidence intervals for all components. In a small simulation study we demonstrated a satisfactory performance for LCC. The use of our approach in a real data application suggested that image analysis of whole peel region of papaya's fruit should be used to compute the mean hue rather than colorimeter or images from equatorial region.
We have been developing an R package called lcc for estimating LCC, LPC, and LA with or without covariates. The package allows for inclusion of heteroscedasticity among within-group error, different structures for variance-covariance matrix of random effects G, and bootstrap-based procedure to build confidence intervals. Moreover, numerical and graphical summaries of these statistics were included in order to facilitate visualization and interpretations of results.
Further work includes extensions to the LCC approach in order to accounts for the longitudinal and spacial correlation among residuals. Improvements on the package developed here are still subject of ongoing research, and we appreciate any suggestion. Another extension would be a simulation study to compare several type of bootstrap confidence intervals (parametric and non-parametric). Finally, we would be happy to share the code of our package, which is not already available on CRAN.
